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The nat  u  ral ra  dio  ac  tiv  ity in im  ported zir  con sam  ples used as glaze for ce  ramic tiles in the ce  -
ram  ics in  dus  try has been pre  sented in this pa  per. The mea  sure  ments were made by gamma
spec trom e try  with  a  high  pu rity  ger ma nium  de tec tor.  The  av er age  ac tiv ity  con cen tra tions  of
238U and 232Th de  ter  mined in the mea  sured sam  ples (3250 Bq/kg, and 556 Bq/kg, re spec -
tively) are much higher than the con  cen  tra  tions found in the Earth’s crust. The  ac tiv ity  con -
cen tra tion  of  226Ra is also high in all an  a  lyzed sam  ples, while 40K was not de  tected. The
gamma in dex, I, the ex ter nal haz ard in dex, Hex, the in ter nal haz ard in dex, Hin, and the ra dium
equiv a lent  ac tiv ity, Raeq, were cal cu lated. Due to rel a tively high ac tiv ity con cen tra tion level of
ura nium  in  im ported  zir con  sam ples,  spe cific  reg u la tions  are nec  es  sary for zir  con com  pound
used in ce  ramic in  dus  try. It can be con  cluded that the in  ves  ti  gated sam  ples can be used as the
com  po  nent of ce  ramic glaze in the con  cen  tra  tions not above 3%.
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IN TRO DUC TION
Many ma  te  ri  als that are usu  ally found in the
Earth’s crust con  tain small but mea  sur  able amount of
nat u rally  oc cur ring ra dio ac tiv ity (NORM).  Some  par -
tic  u  lar ores con  tain nat  u  ral radionuclides at lev  els
much higher than those usu  ally pres  ent in the Earth’s
crust, and are also sub  ject to ra  dio  iso  tope en  rich  ment,
dur ing  tech no log i cal  pro cess,  known  as  tech no log i -
cally en hanced  nat u ral  ra dio ac tiv ity  (TENORM).  The
term TENORM was pro  posed to dis  tin  guish the
NORM from that en  hanced by tech  no  log  i  cal pro  cess
[1,  2].  Typ i cal  con cen tra tions  of  238U and 232Th in the
Earth’s crust and in var  i  ous nat  u  ral ma  te  ri  als are pre  -
sented in tab. 1.
Zir  co  nium is the 18th most  abun dant  el e ment  on
Earth – three times more abun  dant than cop  per. It oc  -
curs in na  ture as free ox  ide ZrO2 (baddeleyite), but
most com monly as zir con, a com pound ox ide with sil -
ica hav  ing the chem  i  cal for  mula ZrO2 ´ SiO2 or
ZrSiO4 (zir co nium sil i cate). Zir co nium in ores is as so -
ci ated with small amounts of the chem i cally sim i lar el -
e  ment haf  nium, with the rel  a  tive haf  nium con  tent be  -
ing 1% -3% [6]. The in ves ti ga tion of zir co nium ores as 
sources of TENORM be gan in the late 1970s and early
1980s [7, 8]. These works high  lighted the rel  a  tively
high  con cen tra tions  of  nat u ral  radionuclides  in
zir co nium ores. At pres ent, the larg est ex port ers of zir -
co nium min er als are Aus tra lia, South Af rica, Ukraine,
In  dia, China, Brazil, and Sri Lanka [8].
The  rel a tive  con sump tion  of  zir con  in  ce ram ics
in  dus  try in dif  fer  ent re  gions of the world is shown in
tab. 2 and the main uses of zir  con are shown in tab. 3.
The use of micronized zir  con and zir  con flour in ce  -
ramic prod  ucts ac  counts for al  most half of the world  -
wide use of zir con. It is a com mon opacifying con stit u -
ent of glazes ap plied to ce ramic tiles and san i tary ware
and is also used as an opacifier in por ce lain tiles by in -
cor  po  ra  tion di  rectly into the mix  ture used for form  ing
the body of the tile [6].
The aim of this study was to mea  sure the ra  dio  -
ac  tiv  ity in im  ported zir  con sam  ples used as raw ma  te  -
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Ta  ble 1. Ac  tiv  ity of U and Th in the Earth's crust, ores,
and min  eral sands
Material
Activity [Bqkg
–1]
References 238U
232Th
Earth's crust 33 34 NCRP (1988) [3]
Bauxite ore 250 200 UNSCEAR (1988) [4]
Copper ore 30-80 23-100 UNSCEAR (1988) [4]
Phosphate rock 1300-2300 UNSCEAR (1982) [5]
Zircon sand >500 >500 UNSCEAR (1988) [4]rial in ce ram ics in dus try for pro duc tion of ce ramic col -
ors, glazes, tiles, and san i  tary ware and to es ti  mate the
ra dio log i cal  haz ards.  This  ma te rial  is  tested  con tin u -
ously  in  the    Ra di a tion  and  En vi ron men tal  Pro tec tion
De part ment of the Vin~a In sti tute, Bel grade, as part of
the reg u lar in spec tion of im ported goods from the cus -
toms.
EX PER I MEN TAL
The sam  ples of zir  con im  ported from It  aly,
Great Brit  ain, Slovenia, Swe  den, Spain, Slovakia,
and  Ger many  were  in ves ti gated.  Be fore  mea sure -
ments, the sam  ples were crushed, sieved, and placed
in the plas tic 500 cm3 Marinelli beak ers. Con sid er ing
that the zir  con sam  ples are part of the reg u  lar con trol
of im  ported goods from the bor  der cross  ing, they
were  mea sured  im me di ately  af ter  prep a ra tion  and
were not left for four weeks to reach ra dio ac tive equi -
lib  rium. Count  ing time in  ter  val was 3000 seconds.
The ac  tiv  ity was de  ter  mined by a high pu  rity ger  ma  -
nium  de tec tor  (HPGe)  with  rel a tive  ef fi ciency  of
23% and en  ergy res  o  lu  tion of 1.8 keV for the 1332
keV 60Co en  ergy [9]. Gamma en  er  gies for gamma
spec trom e try  de ter mi na tion  are  pre sented  in  tab.  4. 
RE SULTS  AND  DIS CUS SION
The  mea sured  spe cific  ac tiv i ties of  226Ra,  232Th,
235U, and 238U are pre  sented in tab. 5. The com  bined
un  cer  tainty of the re  sults was es  ti  mated to range from
10%  to  20%. The  av  er  age con  cen  tra  tion of 238U
(3250 Bq/kg)  was  higher  than  the av er age con cen tra -
tion of 232Th (556 Bq/kg), 226Ra (3157 Bq/kg), and
235U (175 Bq/kg). These val  ues are in agree  ment with
other re  cently pub  lished works (tab. 6). Con  sid  er  ing
that more than 80% of pro duc tion co mes from Aus tra -
lia, South Af  rica, and USA, it is ev  i  dent from the data
that most zir  con cur  rently pro  duced con  tains 238U se  -
ries radionuclides at ac  tiv  ity con  cen  tra  tions of about
1000-4400 Bq/kg, and 232Th se  ries radionuclides at
ac  tiv  ity con  cen  tra  tions of about 500-1000 Bq/kg. The
world wide  av er age  con cen tra tions  of  nat u ral  ra dio-
nuclides in the soil and in build  ing ma  te  ri  als are 226Ra
(32 Bq/kg), 232Th (45 Bq/kg), and 40K (420 Bq/kg),
and  in  build  ing  ma  te  ri  als:  226Ra (50 Bq/kg), 232Th
(50 Bq/kg), and 40K (500 Bq/kg) [15]. The ob  tained
con cen tra tions  of  226Ra and 232Th in zir  co  nium sam  -
ples are sig  nif  i  cantly high, but these sam  ples are used
only as one com po nent in the rec ipe for the pro duc tion
of ce  ram  ics for build  ing ma  te  ri  als. On the other hand,
by com par i son, the con cen tra tion of  226Ra and 232Th in 
zir  con sam  ples are higher than the con  cen  tra  tions of
given radionuclides in soil sam  ples [16, 17]. The spe  -
cific ac tiv i ties of  238U and 232Th are up to two or ders of
mag  ni  tude and up to one or  der of mag  ni  tude higher,
recpectively,  than  the  ac tiv ity  con cen tra tions in the
Earth’s crust (tab. 1).
The high level of ra  dio  ac  tiv  ity can be ex  plained
on the ba  sis of the fol  low  ing con  sid  er  ations: ura  nium
and tho  rium at  oms are eas  ily in  cor  po  rated in the crys  -
tal line struc ture of the zir con; fur ther more, zir con ores
un dergo  an  en rich ment  dur ing  sand  pro cess ing  which
pro duces al most pure zir co nium sil i cate. For these rea -
sons zir  con min  er  als, used in cermic in  dus  try, are
ussualy in  cluded in the cat  e  gory of sources of tech  no  -
log  i  cally enhanced natural radioactivity [1]. 
Ac tiv ity  ra tio  238U/226Ra was approximatelly 1,
and can be as sumed that these two radionuclides are in
the  ra dio ac tive  equi lib rium.
Good  cor re la tion  (r = 0.81) was ob  served be  -
tween the con cen tra tions of  238U and 226Ra as shown in 
fig. 1. The ob  tained value is sta  tis  ti  cally sig  nif  i  cantly
dif fer ent from zero and sta tis ti cally in sig nif i cantly dif -
fer  ent from 0.90 [18].
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Ta  ble 2. Rel  a  tive zir  con use by re  gion [6]
Relative use [%]
Europe 36
China 20
North America 14
Asia-Pacific 14
Japan 7
Rest of the world 9
Ta  ble 3. Commercial applications of zircon [6]
Proportion [%]
Ceramics 49
Foundry sands and mould washes 17
Refractories 16
Feedstock for production of zirconia
and other zirconium compounds 9
Cathode ray tubes 8
Other 1
Ta  ble 4. Gamma en  er  gies for gamma spec  trom  e  try
determination
Radionuclide Notes Energy [keV] Yield [%]
238U via 
234Th 63 3.28
via 
234Pa 1000 0.89
232Th via 
228Ac 338.32 12.4
via 
228Ac 911.07 29
226Ra via 
214Bi 609.31 46.1
via 
214Bi 1120.29 15
via 
214Bi 1764.5 15.9
via 
214Pb 295.21 19.2
via 
214Pb 351.92 37.1
235U 143 10.5
163 4.7
40K 1460.83 10.67In or der to es ti mate the ra dio log i cal haz ards, the
gamma in  dex, the ex  ter  nal haz  ard in  dex, the in  ter  nal
haz ard  in dex,  and  the  ra dium  equiv a lent  ac tiv ity,  Raeq
must be cal  cu  lated. Due to the high ac  tiv  ity of 226Ra
and 232Th in the sam ples, the per cent age of the sam ple
that can be used in the rec  ipe for the pro  duc  tion of ce  -
ram  ics must be de  ter  mined. Gamma in  dex can be cal  -
cu lated  us ing  the  fol low ing  re la tion  [19]
I
C C C
= + + Ra Th K
200 300 3000
(1)
where  CRa,  CTh,   and  CK are the ac tiv ity con cen tra tions
of 
226Ra, 
232Th, and 
40K in Bq/kg in the build  ing ma  te  -
rial, re  spec  tively. Gamma in  dex must be less than 1 if
the ma te rial is go ing to be used in high con struc tion for 
in te rior.  Gamma  in dex  for  the  in ves ti gated  sam ples
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Ta  ble 5. Activity concentrations of radionuclides in zircon and appropriate gamma index
No. Imported
Activity concentrations of radionuclides [Bqkg
–1]
I 226Ra
232Th
235U
238U
1
Italy
2312 ± 347 367 ± 73 194 ± 58 2236 ± 894 0.38
2 2969 ± 297 816 ± 106 78 ± 33 3540 ± 1133 0.53
3 4147 ± 415 665 ± 80 266 ± 27 4522 ± 588 0.69
4 3967 ± 397 509 ± 61 230 ± 44 3855 ± 694 0.65
5 4350 ± 434 885 ± 88 178 ± 53 3853 ± 462 0.75
6 3201 ± 320 643 ± 64 191 ± 34 3948 ± 592 0.54
7 2732 ± 137 526 ± 68 164± 16   2425 ± 1336 0.46
8 3031 ± 303 630 ± 94 198 ± 20 3055 ± 611 0.52
9 3993 ± 399 555 ± 72 203 ± 32 3517 ± 914 0.66
10 3661 ± 366 658 ± 79 279 ± 28 3410 ± 682 0.62
11 2961 ± 296 570 ± 74 214 ± 21 2630 ± 736 0.50
12
Great Britain
2021 ± 202 396 ± 59 55 ± 26 1867 ± 672 0.35
13 3511 ± 351 454 ± 54 162 ± 41 2958 ± 740 0.57
14 3778 ± 378 584 ± 64 215 ± 54   4037 ± 1009 0.63
15
Slovenia
2603 ± 234 460 ± 60 42 ± 24 2266 ± 748 0.44
16 2106 ± 210 428 ± 51 54 ± 19 2687 ± 564 0.36
17 814 ± 163 187 ± 47 71 ± 14 672 ± 138 0.14
18 Sweden 2941 ± 294 565 ± 85 225 ± 56 2859 ± 715 0.50
19 Spain 3008 ± 301 596 ± 89 206 ± 21 3808 ± 762 0.51
20 Slovakia 4090 ± 1227 550 ± 165 193 ± 58   6524 ± 1174 0.67
21 Germany 4092 ± 409 624 ± 69 258 ± 52 3570 ± 714 0.68
Ta  ble 6. Spe  cific activites of zir  con minerals
Origin
Activity concentrations of radionuclides [Bqkg
–1]
References Remerks 226Ra
232Th
238U
40K
Australia 703 3533 49 Bruzzi et al., [1] Used in Italy
Australia 2250 500 Beretka et al., [7]
Belgium 570 3100 77 Fathivand et al., [10] Used in Iran
China 14387 7982 2226 Wen et al., [11]
Germany 590 2700 65 Fathivand et al., [10] Used in Iran
India 565 2510 Haridasan et al., [12]
Italy 550 3500 55 Fathivand et al., [2] Used in Iran
Malaysia 16000 43000 Hu et al., [13]
South Africa 610 4400 60 Fathivand et al., [2] Used in Iran
Ukraine 460 2100 50 Fathivand et al., [2] Used in Iran
USA 100-400 1900-4000 Armstrong et al., [14]
Fig ure 1. Cor re la tion be tween con cen tra tions of 
238U and 
226Ra in zir  con sam  pleswill be less than 1 only if 3% of the sam ple is used. The
ob  tained val  ues for gamma in  dex for in  te  rior are pre  -
sented in tab. 5. For all in  ves  ti  gated sam  ples I < 1 (in
the ac count, 3% of the ac tiv ity of 
226Ra, 
232Th, and 
40K
was used). Hence 
40K was not de tected in sam ples, 3%
of  the  16  Bq/kg  (min i mum  de tect able  con cen tra tion)
was used in all cal  cu  la  tions. The ex  ter  nal haz  ard in  -
dex, Hex, is de  fined as [7]
H
C C C
ex
Ra Th K = + +
370 259 4810
(2)
where CRa, CTh, and CK have the same mean  ing as in
eq. (2). The value of this in dex must be less than unity
in  or der  to  keep  the  ra di a tion  haz ard  in sig nif i cant.
The ob  tained val  ues of  Hex for the zir  con sam  ples
ranged from 0.09 to 0.46, as shown in fig. 2, val  ues
which are in  deed less than unity (re  sults ob  tained
with 3% of the ac  tiv  ity of 
226Ra, 
232Th, and 
40K). In
ad  di  tion to the ex  ter  nal haz  ard, ra  don and its
short-lived prod ucts are also haz ard ous to the re spi ra -
tory or  gans. The in  ter  nal ex  po  sure to ra  don and its
de cay prod ucts is quan ti fied by the in ter nal haz ard in -
dex, Hin, which is given by the equa  tion [20]
H
C C C
in
Ra Th K = + +
185 259 4810
(3)
where  CRa,  CTh, and CK   are the ac tiv ity con cen tra tions
of 
226Ra, 
232Th, and 
40K in Bq/kg in the build  ing ma  te  -
rial, re  spec  tively. For the safe use of a ma  te  rial in the
ce ram ics  in dus try,  Hin  should be less than unity. The
cal cu lated  val ues  of  Hin  ranged from 0.15 to 0.81 as
shown in fig. 2.
The  dis tri bu tion  of  226Ra,  232Th, and 40K in
build ing ma te ri als is not uni form [7]. Uni for mity in the 
re  spect of ex  po  sure to ra  di  a  tion has been de  fined in
terms  of  ra dium  equiv a lent  ac tiv ity  (Raeq) in Bq/kg in
or der to com pare the spe cific ac tiv ity of ma te ri als con -
tain ing dif fer ent amounts of  226Ra,  232Th, and 40K. It is
cal cu lated  us ing  the  fol low ing  re la tion  [7]
Ra C C C eq Ra Th K = + + 143 0077 . . (4)
where  CRa,  CTh,   and  CK are the ac tiv ity con cen tra tions
of 
226Ra, 
232Th, and 
40K in Bq/kg, re  spec  tively. While
de fin ing,  Raeq  ac tiv ity ac cord ing to eq. (4), it has been
as sumed that 370 Bq/kg of 
226Ra or 259 Bq/kg of 
232Th
or 4810 Bq/kg of 
40K pro  duce the same gamma dose
rate. A Raeq of 370 Bq/kg in build  ing ma  te  ri  als will
pro  duce an ex  po  sure of about 1.5 mSv per year to the
in hab it ants  [15].
Fig  ure 3 shows the Raeq val ues in all tested sam -
ples in in  creas  ing or  der of Raeq mag  ni  tude (in the ac  -
count, 3% of the ac  tiv  ity of 226Ra, 232Th, and 40K was
used). The low  est mean value of  Raeq is 71 Bq/kg for
sam  ples im  ported from Slovenia, while the high  est
cal cu lated mean value is 150 Bq/kg for sam  ples im  -
ported from Ger  many. All in  ves  ti  gated sam  ples have
shown Raeq val  ues lower than the limit of 370 Bq/kg
set in the OECD re port [21], but these ma te ri als would
not  pres ent  a  sig nif i cant  ra dio log i cal  haz ard  only  if
max  i  mum 3% of the sam  ple used in the rec  ipe for the
pro duc tion  of  ce ram ics.
CON CLU SION
It can be con  cluded that the ra  dio  ac  tiv  ity of im  -
ported zir  con ma  te  ri  als is lower than the lim  its reg  u  -
lated by our law [22]. As the in  ves  ti  gated sam  ples are
used as one com po nent in the rec ipe for the pro duc tion
of ce  ram  ics, we pro  pose that they can be used in con  -
cen  tra  tions not above 3%.
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Fig  ure 2. The cal  cu  lated val  ues of both the ex  ter  nal and
the  in ter nal  haz ard  in di ces
Fig ure  3.  Ra dium  equivalent  ac tiv i ties  cal cu lated  for
zir con  sam ples  im ported  from  dif fer ent  coun tries  in
as cend ing  or der  of    mag ni tudeREF ER ENCES
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KONCENTRACIJA  PRIRODNIH  RADIONUKLIDA  U
UVEZENIM  MINERALIMA  CIRKONIJUMA
U ovom radu prikazani su rezultati merewa prirodne radioaktivnosti u uvezenim
uzorcima cirkona koji se koristi u kerami~koj industriji kao glazura za kerami~ke plo~ice.
Merewa su izvr{ena gama spektrometrijom na germanijumskom detektoru (HPGe). Koncentracije
radionuklida 238U i 232Th detektovane u uzorcima (3250 Bq/kg i 556 Bq/kg, respektivno) mnogo su
ve}e od koncentracija datih radionuklida koji se nalaze u Zemqinoj kori. Dobijene koncentracije
226Ra su tako|e visoke u svim analiziranim uzorcima. 40K nije detektovan u ispitivanim uzorcima.
U radu su izra~unati gama indeksi, indeksi radijacionog rizika usled spoqa{weg i unutra{weg
izlagawa. Zbog relativno visoke koncentracije uranijuma u uzorcima cirkona potrebna su
odre|ena pravila po kojima se cirkon me{a sa ostalim komponentama prilikom proizvodwe
keramike. Ispitivani uzorci mogu da se koriste u procesu proizvodwe keramike sa u~e{}em od
samo 3%. 
Kqu~ne re~i: cirkon, keramika, radioaktivnost, gama spektrometrija